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Abstract. TheMiniBooNEneutrinooscillationexperimenthascollectedalargesampleof charged-
and neutral-currentneutrino interactionevents.Thesesamplesare important to understandthe
normalizationandbackgroundsin neutrinooscillationsearches.They alsoreveal insight into the
structureof the nucleusand nucleon.The MiniBooNE experimentis brie�y describedand the
neutrinoreactionsandtheunderlyingphysicstopicspresented.
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INTR ODUCTION

The MiniBooNE experiment [1], locatedat Fermilab and running since 2002, has
searchedfor nm ! ne oscillationswith massscaleaspreviously reportedby theLSND
experiment[2]. For maximumsensitivity to oscillations,the MiniBooNE experiment
hasbeendesignedfor highneutrinointeractionratesandgoodparticleidenti�cation ca-
pability. This alsoallows for measurementsof neutrinointeractioncrosssectionswith
excellentstatisticalandsystematicprecision.

Thesemeasurementsareimportantfor systematiccrosschecksof detectoref�ciencies
andbackgroundestimationsfor the MiniBooNE oscillationsearch.In addition, these
measurementsarevaluablefor experimentssuchasMINOS [3], NOvA [4], andT2K [5]
that are runningor will run in the sameneutrinoenergy range(En � 1 � 5 GeV) by
providing valuablecrosssectiondata.

In addition,thephysicsaddressedby thesemeasurementsis interestingbeyondsimple
utility for oscillationexperiments.The neutrinoprovidesa weakprobeof the nucleus
and/ornucleonin theseprocesses.Doestheneutrino“see” thesamenucleus/nucleonas
doesthe protonor electronin the scatteringof theseparticles?In many caseneutrino
scatteringallowsfor theclearestview of thefundamentalphysics.

In particular, measurementsof interactionratesandkinematicdistributionsof several
processesarecrucialto understandin orderto measureneutrinooscillations.It is impos-
sibleto do this without seekinginsight into theunderlyingnuclearphysicsasthetarget
is a nucleus(carbon,in thecaseof MiniBooNE). The following list describesthepro-
cesses,why they areimportantto theMiniBooNE oscillationsearchandwhatphysics
they probe.

CCQE A measurementof the nm charged-currentquasielasticinteraction (CCQE)
(nmn ! m� p) producesthe interactioncrosssectionfor the ne oscillationsignal



(nen ! e� p). It alsoprovidesaconstraintonthenm �ux from theproductiontarget.
This processis sensitive to nucleonform factors(in particulartheaxial, which is
notwell-known from otherdata)andto thenucleonmomentumdistributionwithin
thecarbonnucleus.

NCp0 Theneutral-currentproductionof p0 (NCp0) by nm is oneof themostimportant
backgroundreactionsin a ne appearanceoscillationsearch.If oneof the photons
from the p0 decayis lost in the event reconstruction,the remainingphoton is
likely to be identi�ed as an electronand thus the event can be misidenti�ed as
anoscillationcandidate(nen ! e� p). ThisprocessdependsontheNDform factors
andit mayoccurvia acoherentZ exchangefrom thenucleusasa whole.

CCp+ Charged-currentproductionof p+ (CCp+ ) providesa measurementof D pro-
duction.This is an importantpotentialbackgroundfor a ne appearancesearchas
theD mayradiatively decay(D! Ng) in NC interactionandmimic theoscillation
event signature.The underlyingphysicsof this processdependson the ND form
factors,thecoherentcharged-currentprocess,andtheunderlyingnucleonmomen-
tumdistribution.

Thesereactions(amongseveralothers)arebeingstudiesin thehigh-statisticsMini-
BooNEdataset.

MINIBOONE EXPERIMENT

The MiniBooNE experiment is locatedat Fermilab and is shown in the schematic
of Figure1. The neutrinobeamis producedwith 8 GeV protons(from the Fermilab
booster)incidentonaberylliumtargetwhichcreatescopiousnumbersof chargedpions.
Thepositive pionsarefocusedby a magnetichorn into a 50 m pipewherethey decay,
producingnm.

FIGURE 1. Schematic�gure of the MiniBooNE experiment showing the arrangementof the n-
productionregionanddetector.

It is important to understandthe nm �ux in order to make solid measurementsof
neutrinointeractionsin theMiniBooNE detector. Pionproductionhasbeenmeasuredat
8GeVwith theHARPexperiment[6]. Thekinematicacceptanceof theHARPapparatus
for chargedpionsrelevant to MiniBooNE is good— approximately81%of pionsthat
produceneutrinosimpingingontheMiniBooNE detectoraremeasuredby HARP. These
productioncrosssectionsare�t to a parameterization(alongwith otherdataat several
differentprotonenergies).A similar �t is performedwith the relevant kaondata.The



resultsfrom this procedureareusedin the�ux MonteCarloto provide a model,highly
constrainedby data,for pion (andkaonproduction).The Monte Carlo alsosimulates
theprotontransport(includingsecondaryinteractions)throughtheneutrinoproduction
system.

The predictedneutrino�ux is 99%-purenm andof averageenergy � 0:8 GeV. The
energy distribution doesnot have a large high-energy tail. Approximately99% of the
nm �ux is below 2.5GeV. This is a nicefeatureof theFermilabboosterneutrinobeam.
A beamwithout a high-energy componentenablesneutrinointeractionmeasurements
with lowerbackgroundsfrom high-energy reactions(in thedetector)“feeding-down” to
lowerenergies.Theoverallnormalizationof theneutrino�ux is known to approximately
15%.Thecorrelatederrorsbetweenenergy binsarecalculatedandpropagatedthrough
thevariousneutrinointeractionmeasurements.

The detectoris located541 m from the neutrinotarget andconsistsof a spherical
tankcontaining800 tonsof mineraloil (CH2) viewedby 128020-cm-diameterphoto-
multiplier (PMT) tubesfor 10%photocathodecoverageof thesurfaceareaof thetank.
In addition,a veto region with 240 photomultipliertubesprovidesa signal for parti-
cles that enteror exit the main tank region. Chargedparticlescreatedin neutrinore-
actionscreateCerenkov light (for thoseabove Cerenkov thresholdin the mineraloil,
bt = 1=n = 1=1:47)andscintillationlight. Themineraloil is notdopedwith scintillator
howeverintrinsic impuritiescreatescintillationlight asa low level.Thechargeandtime
of thePMT responsesarerecordedin a 20 ms window aroundthe1.6ms beamspill.

RECONSTRUCTION AND ANALYSIS

The time and charge information recordedby the detectorPMTs in responseto the
Cerenkov radiation and the small amountof scintillation light that is emitted from
charged particlesenablethe reconstructionof neutrino interactionsof varioustypes.
Both thepromptlight from thedirectproductsof theneutrinointeractions(m;e;p) and
thedelayedlight from thedecaysof subsequentmuonsareimportantin thereconstruc-
tion andidenti�cation of theevents.

ThepromptCerenkov light is directedinto a cone.As illustratedin Figure2, muons
createa sharpwell-directedcone,electronscreatea morediffusepatterndueto larger
multiple scatteringand showering, and neutralpions createtwo Cerenkov conesdue
to the two photons.The locationand numberof the Cerenkov photonsallow for the
reconstructionof particlelocation,direction,andenergy. Theenergy (angular)resolution
is approximately7% (5� ) for 300MeV muons.

Becausethe detectoris large, a substantialfraction of the muonsrangeout in the
activeregion.Thesemuonswill decayandthedecay-electronmaybeobservedandwill
bereconstructedasa second“sub-event” with a typical time delayof 2 ms. Interactions
with this second,delayed,sub-eventarelikely to bemuonsandthisallowsfor powerful
cut for eventswith muons.Similarly eventswith charged pionsmay be identi�ed as
the pionsdecayin the detectorinto muons.For example,an event with two delayed
sub-eventsin additionthepromptsignalis likely to beaCCp+ event.



FIGURE 2. Schematic�gure of thevariouseventtypesreconstructedin theMiniBooNE experiment

REACTIONS AND ANALYSES

Bothcharged-andneutral-currentneutrinointeractionsareobservedin theMiniBooNE
detector. The ratesof theseinteractions(beforeef�ciency corrections)are estimated
via the NUANCE [7] neutrinointeractioncode.Charged-currentquasielastic(CCQE)
scatteringis themostabundantprocess,comprising42%of thetotalneutrinointeraction
rate.Charged-currentproductionof a singlepions(CC1p) is second-mostabundantat
26% of the interactionrate.The neutral-currentelastic-scatteringprocess(NC elastic)
makes up 18% of the eventsand neutral-currentproductionof pions is about10%.
The remainderof the events(4%) consistof charged- andneutral-currentproduction
of multiplepionsanddeep-inelastic-scatteringprocesses.

TheCCQEreactionis extremelyimportantto identify andunderstandin MiniBooNE
for the neutrinooscillationsearch.The nm CCQEreaction(nmC ! m� X) providesan
importantcrosscheckof the nm �ux. The ne CCQE reaction(neC ! e� X) is the



oscillationsignal channel.It is importantfor MiniBooNE to understandthis reaction
oncarbonfor which datadoesnotexist.

A �rst measurementon theCCQEreactionhasrecentlybeenpublished[8, 9]. This
resultusedtheentireMiniBooNE dataset,collectedbetween2002–2005andextracted
194k CCQE candidateevents.This is the largestevent sampleever collectedin this
energy range.A �t to this data was performedusing a Fermi gas model with two
free parameters:MA, the axial massandk , a Pauli blocking parameter. An excellent
descriptionto thedatawasobtainedwith this procedurein boththeQ2 distributionand
in the2-dimensionalmuonenergy/angledistribution.Thisdescriptionworkswell down
to the lowestQ2 valuesincluding the region werean anomaloussuppressionhasbeen
observed.Work is underway to extractthedifferentialcrosssection.

The CC1p reaction(nmC ! m� p+ X) is the largestbackgroundfor nm CCQE and
provides important information aboutD productionwhich is neededto constrainthe
D! Ng backgroundin theoscillationsearch.In addition,coherentCCp+ production,
is aninterestingsubjectandtheK2K experimenthassetanupperlimit [10]. Work is in
progresson thisanalysis[11].

The NC elasticreaction(nmn; p ! nn; p) is a uniqueweak-neutral-currentprobeof
thenucleon.UnliketheCCchannel,it is sensitiveto theisoscalarcontentof thenucleon
andmayshow theeffectsof strangequarks.TheNC elasticreactionis identi�ed in Mini-
BooNEby selectingfor low-energy eventswith asmallfractionof promptlight (thesig-
naturefor proton/neutronscintillationonly) andnoassociatedmuondecay. A NC elastic
eventsamplehasbeenextractedfrom approximately10%of thetotal MB datasample.
Thissampleconsistsof approximately4000eventswith anexpectedbackgroundof ap-
proximately20%.Preliminaryresultson thisanalysishavebeenreported[12].

TheNC p0 productionreaction(nmC ! np0X) is acrucialchannelfor MiniBooNE as
it contributessubstantiallyto thenm ! ne oscillationsearch.Bothresonantandcoherent
channelscontribute to the process.The coherentchannel— predictedto compose
� 5 � 20% of the total rate — is dominatedby the axial currentand, therefore,is
unconstrainedby any electron-scatteringdata.Theexistingdataonthecoherentprocess
is extremelysparseandrequiresbettermeasurements.Theresonantandcoherentrates
maybeseparatelyextractedfrom thedatavia thedifferentpion angulardistributionsin
eachprocess.The NC p0 reactionis extractedfrom the MiniBooNE event sampleby
selectingeventswith nomuondecaysandanda“2-ring” eventtopologyconsistentwith
thepromptdecayof a p0 (p0 ! gg). Preliminaryresultson a ratemeasurementof this
processasa functionof p0 momentumandthe fraction of NC p0 coherenthave been
reported[13].

ANTINEUTRINO DATA

MiniBooNE �nished with the �rst neutrinorun at the endof 2005.In January2006,
the polarity of the neutrinohorn waschangedso asto focusnegatively chargedpions
andthuscreateanantineutrinobeam.Measurementsof theanalogousreactionsto those
describedabove is a very importanttestof our understandingof theseprocessesand
effectively nodataexistswith antineutrinosbelow 1 GeV.



Someof thetopicsthatwill bestudiedwith antineutrinodataare:

• Extractionof theaxial mass,MA from n̄m CCQEevents.Preliminaryresultsshow
that the modeldevelopedto �t the neutrinodataworks well for the antineutrino
data[9].

• A measurementof thevector-axial vectorinterferencetermvia a joint analysisof
theneutrinoandantineutrinoCCQEdata.

• Investigationof the coherentNC p0 fraction and the NC p0 differential cross
sectionwith antineutrinodata.[14].

• A measurementof the“wrong-sign” (neutrino)contribution to theCCp+ reaction
in theantineutrinodata.[11].

CONCLUSIONS

The MiniBooNE experimenthascollectedlarge samplesof both charged-currentand
neutral-currentneutrino-carboninteractions.The experiment is currently running to
collect antineutrinodata.Thesedataare enablingprecisemeasurementsof the cross
sectionsandgreaterinsight into the underlyingphysics.This are importantfor future
precisionmeasurementsof neutrinooscillations.
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